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Introduction 

WELBORE ~s a computer code for simulating transient, one-dimensional 

two-phase or single-phase non-isothermal fluid flow in a wellbore. The 

program uses a partially implicit method to solve the finite difference 

approximation of the Navier-Stokes equations of mass, momentum, and energy 

conservation. Terms that would impose a severe time restriction, such as the 

compressibility terms are evaluated implicitly while other terms are 

expressed in an explicit manner. The convection effects are represented 

with a conserving upwind finite difference. Both the slip between the 

phases (when the flow is two-phase) and the frictional losses are g~ven as 

empirical correlations. The primary thermodynamic variables used in solving 

the equations are the pressure and specific energy. An equation of state 

subroutine provides the density, quality, and temperature. The heat loss out 

of the wellbore is calculated by solving a radial diffusion equation for the 

temperature changes outside the bore. The calculation is done at each node 

point in the wellbore. Also the code has been coupled with a single phase 

radial flow reservoir model. A version o~ the wellbore code coupled with a 

two-phase rservoir model will be available in the near future. 

The important difference between this program and other reported wellbore 

models is that a steady state is not assumed, i.e., the mass into the well 

does not necessarily equal the mass out of it. Nevertheless, a steady 

state solution can be obtained. A transient wellbore model with or without 

a reservoir model is useful in understanding well test results. One can 

eliminate the response of the fluid in the well in the analysis of well test 

data, i.e., given the wellhead flow rate or wellhead pressure and the 

downhole pressure, the sandface flow rate can be calculated. By knowing 

the actual reservoir flow, one can determine reservoir properties by using 
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a variable well test analysis technique to reduce the transient pressure 

data. Such a method reduces the time of a well test because data taken when 

wellbore storage is important can still be used. It is possible to 

study early transient changes in the wellbore. It has been shown that the 

early time data can be altered so that a unit slope of log P vs. log t 1S 

not necessarily measured (Miller, 1979). When kh/~ 1S relatively large, say 

10 D-m, the reserV01r can respond with a substantial part of the surface 

flowrate while the transient pressure changes in the well are still a function 

of position. Also, one can solve for the flow in the bore during a complete 

shut in to determine the effects of phase redistribution which 1S not 

possible with a steady state model. It should be noted that a transient 

reservoir model cannot be used to model the wellbore flow by assuming 100% 

porosity. The nature of the flow in the bore at early times 1S characterized 

by a wavelike equation while reservoir models are controlled by a diffusion 

liKe equation because of the assumption of Darcy flow. 

Governing Equations 

The equations solved 1n the program are 
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Note that the mass and momentum equations have been subtracted out from the 

energy equation so that the equation is written in terms of specific energy 

only. The last equation is equivalent to 

+ ~ [v P ex (h + v 212 + g)] 
ax g g g g g 

The density is related to the pressure and energy by the equation of 

state, p = fn(P,e) in the liquid water, two phase, or steam region, assuming 

local thermodynamic equilibrium. Given the pressure, the temperature will 

be known for a flashing system. Also Pg , Pf, eg , and ef are a function of 

the pressure alone. Using the pressure and the specific energy, the quality can 

be determined. 

Solution Procedures 

The numerical approach 1S to write the above equations 1n a finite 

difference form and to treat terms that would impose severe time restrictions, 

if solved explicitly, in an implicit fashion. Other terms are evaluated 

explicity for ease and computational efficiency. The continuity equation 

(Equation 1) is written as 
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where the expression for (pv)R.+I is obtained from the momentum equation 

(Equation 2). The momentum equation 1S written as: 

[4 ] 
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where j = i + 1/2 if vf(i + 1/2) > 0 and j = i + 3/2 if vf(i + 1/2) < O. 

Similarly j' = i + 1/2 if vg(i + 1/2) > 0 and j' = i + 3/2 if vg(i + 1/2) < O. 

The energy equation (Equation 3) is written as: 
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Where the { } appear means to take the top quantity if the velocity in 

front of the bracket is positive, but the bottom value if that velocity is 

negative. The last term is the heat loss out of the wellbore. The density 

is written in terms of ~p and ~e: 
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where t' is the old time level t unless the calculated density is too far 

from the equilibrium density. In that case, t' means to take some average of 

the derivatives at the old and new time levels. All four equations are 

combined to yield an expression for the new pressure 1.n the form 

= p t + f (t ) + [( t+ 1 t) ] r. n p ,v r p e. - e. 1. 1. 1. 
[8] 

where r = (~x/~t)2(dP/dP)e and r' = (~x/~t)2(1/p)(dP/de)p. Once the new 

pressure is determined, one can evaluate the new density using equations 6 

and 7. Given the new density, the energy at time level t+l is determined 

using equation 6 and the new velocities are calculated using equation 4. 

The heat loss out of the wellbore is given in Equation 6 by the 

term H(Tr(rw) - Tw)/2rw, where Tr(rw) is the temperature at the wall of the 

wellbore. This temperature is a function of time. At each nodal point 1.n 

the well, the temperature change in the surrounding rock is calculated by 

solving a finite difference approximation of the radial conduction equation. 

At a distance RMAXT, a linear geothermal gradient from TMIN to TMAX is 

assumed constant. RMAXT, TMIN, and TMAX are input parameters. The equation 

solved at every nodal point is: 

2 M 
Tt + _____ _ 

j (r. l-r. 1) J+ J-
pc 

p 

where j specifies the radial node point in the rock (a variable grid is 

[9 ] 

used). The temperature in the rock is solved as a function of height and 

radial position. At the wall of the wellbore, the boundary condition 1.S 
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just the heat transfer from the fluid, H(Tr(rw) - Tr )/2rw' At the first 

iteration of the energy equation in the fluid, Tr(rw) = Tw' The temperature 

of the rock is calculated implicitly next using the new temperature of the 

fluid in the bore. For the next iteration of the energy equation, the heat 

transfered to the rock is just the energy that now leaves the fluid. Because 

the temperature change in the rock is solved implicitly, there is no time step 

limitation imposed for this calculation. 

A single phase reservoir model is also provided with the program. 

A finite difference approximation of the radial pressure diffusion equation 

is solved using a variable grid as in the rock temperature calculation. The 

equation solved is similar to Equation 9 except that the grid variation is 

over a larger radius, k/~~ct replaces kt/pcp ' and Pj replaces Tj. However, 

the linking between the reservoir calculations and the wellbore calculation 

is done explicitly. The flow changes in the wellbore are calculated implicity 

using the current value of the sandface reservoir pressure. Then the 

reservoir pressure is calculated using the new value of the downhole pressure 

in the well, but the old value of the reservoir pressure. The exact mass 

flowrate that entered the wellbore leaves the reservoir in that time step 

calculation. When the linking was done as in the radial temperature calculation, 

where the heat transfer is always calculated a half time step off, oscillations 

developed. Therefore because this explicit method was necessary, 

a time step limitation is imposed. 

An expression for the maximum time step has not been determined. If the 

calculation shows a downhole well pressure that is greater than the reservoir 

sandface pressure and yet the velocity is shown to still be flowing from the 

reservoir, the time step should be reduced. Also the first nodal point in the 

reservoir is usually assumed to be at 2rw' A skin effect can be generated 

depending on the position of the first few reservoir grid points. 
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Initial Conditions and Boundary Conditions 

Initial conditions are needed to start the problem. The initial 

conditions needed are the downhole pressure, the specific energy flowing 1n 

from the reserV01r, and the mass flowrate out of the well. This calculation 

gives the steady state solution for these conditions. Figure 1 illustrates the 

calculation of the pressure profile up the bore for well M-91 at Cerro Prieto. 

One can see there is an excellent match between the calculated and measured 

values. This comparison illustrates for this case that the slip and friction 

factor correlations used give reasonable results for the steady state case. 

For a transient calculation, boundary conditions must also be given 

as a function of time. Several different boundary conditions can be used. 

At the bottom of the well, one can either give the bottomhole pressure as a 

function of time or use a reserV01r model and keep the pressure far from 

the well constant. At wellhead, it is necessary to specify pressure, mass 

flowrate or volume flowrate as a function of time. It must be noted that one 

should give physically realistic boundary conditions. It is possible to 

specify a mass flowrate that actually could not be achieved in the field. 

Usually the wellhead pressure is held constant. For some flowrates, any 

slight deviation in the wellhead pressure will result in the well changing to 

a different flowrate while the wellhead pressure stays constant, i.e., the 

same wellhead pressure can result for two different mass flow rates. One 

could also specify a wellhead pressure that is too high, such that fluid would 

have to be actually injected into the bore to achieve that condition. There 

is no specific rule of which boundary conditions will result in a physically 

realistic situation, but requires one to have some understanding of what is 

going on. The combination of boundary conditions that are possible in the 

program at present are: 
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Figure 1. Comparison of the measured and 
calculated pressure profile for well M-91 at 
Cerro Prieto. 



downhole 
pressure 

reservoir 
pressure 

Computer Code 

- 9 -

and wellhead 

and wellhead 

I velocity or 
mass flowrate or 
pressure 

I velocity or 
mass flowrate or 
pressure 

The code WELBORE consists of a main program plus a set of subroutines. 

SI units are used throughout the program. Users may substitute their own 

subroutines if desired. The routines used are listed below. 

(1) GRID - This routine sets up the grid points for calculating the 

temperature change around the bore. It can also be used to determine grid 

points for a reservoir flow calculation. The equation used to generate the 

grid is: 

where ~N is just l/(number of grid points), rmax is the maximum distance from 

the bore that the calculation is to be made, and A and ~No are adjustable 

constants to achieve the desired grid spacing. If one wants to use a 

different grid spacing, one must supply to the main program RT(i), i = 1,25 

and if the reservoir is included RP(i) = 1,25, and eliminate the call to the 

grid subroutine. The values of A, No, r max , and the number of grid points are 

read into the program. Typically values of A are 1.3 to 1.8 with ~No ~ 0.1. 

(2) INIT:AL - The subroutine initializes the flow in the wellbore. 

When slip between the phases is included, the problem must be initialized 

for a mass flowrate that the well can sustain, i.e., if the flow is not self 

starting neither is the program. The program will dump because it will 

calculate a negative pressure if such a problem exists. To specify the 

initial steady state the following is needed, (a) downhole pressure (PBOT), 
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(b) specific energy flowing in from the reserV01r (ERES), (c) the mass 

flowrate (FLOW) out of the well, and (d) the maximum and m1n1mum temperature 

(TMAX, TMIN) of the geothermal gradient far from the bore. This subroutine 

is Just the solution for the steady state case. 

l3) INPRE - The subroutine initializes the reservoir pressure for a 

liquid filled reservoir for a g1ven mass flowrate. The equation used for 

initialization is: 

P w = Pi - 4 :~h [ 1 n ( "~:t r J + .809 ] 

(4) PARAMS - When a reserV01r model is used in conjuction with the 

wellbore model, this routine prints out the expected duration of wellbore 

storage and other quantities appropriate to the interaction of the well with 

the reserV01r. 

lS) FRICSLP - The subroutine calculates the slip between the phases 

and tne friction coefficient. The friction effects are written as fpv2/4R 

and the value of f is determined according to Chisolm, 1973. A brief 

description follows. 

The friction factor f is expressed as fHPeff/Pf where fH is the friction 

factor for homogeneous flow; i.e., given the Reynolds number (pv2rw/~) using 

the mass average velocity, v, one determines fH using the Moody friction 

factor chart. Now the quantity ~eff is: 

~ tf [1 + (r2 - 1) (BX (l - x) + x 
2

) ] 

wnere r = (~f/Pg)l/2, x is the flowing quality and B 1S a factor that depends 

on r and the total flowrate. Table 1 gives B. 

The slip factor (vg - vf) is a modified version of that given 1n 

urkiszewski (1967) and 1S specified as a function of flow regime. Table 2 

lists the slip reg1mes and the corresponding slip factor. However, such a 

formulation is only good for the liquid and steam both flowing vertically in 
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TABLE 1 - Values of B for smooth tubes 

r B 

500 

~ 9.5 ~ 500 < G < 1900 

) 1900 

4.8 

2400/G 

55/GO.5 

520(rGO.5) 

21 r* 

15000 
r2GO.5 

9.5 < r < 28 ~ 600 

> 600 

) 28 

*(Taken from Chisolm, 1973) 

TABLE 2 

FLOW REGIME LIMITS SLIP 

C" f-P 
)a ) 1/4 1.5 g 

Bubble v /v < LB 1.53(I-a) 2 g 
Pf 

Slug v /v > L . v < LS 0.35 ;gn/(I-a) g B' gD 

CL -V») m gD 

Transition v /v > LB; LS < v < L Lm-Ls 0.35 gD/ (I-a) 
g gD m 

Mist v /v > L . v > L 0 
g B' g Dm 

where LB = 1.071 - .2218 v2/D but LB > .013 

LS = 50 + 36 VgDVL/Vf 

Lm = 75 + 84 (vgD VL/Vg)3/4 

T.rl.-t .0 __ v 
= V g ( PL ) 1/4 

Wl1~.L.oc; 

A \ ga / gD 
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the p1pe. In order to include the case of a well that is shut in for a 

buildup test, the slip factor must be given as a function of a. The slip 

must be 0 when a = 0 or 1. When v~ < 0 , the slip has been expressed as 

5.5a3(1-a)1/3 which is of the form used in the drift flux model. However, 

this model is purely speculative and further work must be done here. 

(6) HCOEFF - A routine to calculate the heat transfer coefficient 

between the fluid and the wall of the bore. At present it is written as 

0.023 (pv2rw/~)0.8 (see Holman, 1976). The value of this coefficient does 

not usually control the rate of heat ~ransfer because the conduction in the 

rock is so much slower. However, a temperature profile in the rock is assumed, 

which sets the initial geothermal gradient at RMAXT. A temperature build up 

around the bore is written into the program. The temperature changes from the 

natural geothermal temperature at that height to the fluid temperature in the 

bore at the same height. If no heat transfer 1S of interest, one can choose 

the option to set HCOEFF O. 

(7) NEWPRE - The new pressure 1n the bore is calculated 1n this routine 

where an equation of the form 

[A]P~+l = fn [P~ p~ , , ~ 
v , ( ~+l ~)] p e - e 

is solved. The quantity p(e~+l - e~) is also solved in this subroutine. 

The matrix A is tridiagonal and is inverted using subroutine ALUD. 

VELDON - This routine calculates the new density given the new pressures 

obtained in NEWPRE and given the quantity p(e~+l - e~). The energy at ~+l 

1S calculated here as well as the new velocities in the bore. 

CHECK - A routine to determine how far the calculated density has 

drifted from the equilibrium density. The new density is calculated using 

the expression bp = (ap/ap)bP + (ap/ae)be. The derivatives are evaluated at 

the old time level unless the density p~+l is too far from that calculated 
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by ~ = ~(p~+l, e~+l). When the two densities differ by more than a few 

percent, an average of the new and old derivatives is used and the time step 

LS recalculated. 

PRERES - A routine to calculate the pressure drop in the reservoir. 

Several layers can be used but only a liquid filled reservoir 1S solved at 

present. A two-phase model will be included in a later version. The basic 

radial diffusion equation is solved. 

TEMRES calculates the temperature change surrounding the wellbore. 

Only the radial gradient equation is solved. 

SPRINT2 - A routine to print out the variables at the time specified. 

E~OFS - A function to calculate the thermodynamic quantities for a 

steam/water or water region given the pressure and energy. This function 

routine could have been combined with the next routine RDRO. 

RDRO calculates the thermodynamic quantities ef' eg , Pf' Pg , and u, 

given the pressure and energy. It also calculates (oP/oP)e and (l/p)(op/3e)p 

Ln the steam/water or steam only or water only regions. 

ALUD - A routine to invert a tri-diagonal matrix. 

VA~IABLES to be Read In 

The input and output of the program were set up primarily for 

s~ecifying the mass flowrate at wellhead although the other options of 

giving pressure or volume flowrate are available. 

RADIUS 

LENGTH 

~RES 

FLOw 

FLOWC 

COrlDUC 

inner radius of wellbore (meters) 

length of wellbore (meters) 

energy per unit mass from the reservoir (e = h-P/p) (J/kg) 

initial mass flowrate per unit area, Pv (kg/m2-s) 

the value to which the flowrate will be changed (kg/m2-s) 

tnermal conductivity of rock surrounding wellbore (W/m-c) 



ALPHAR 

TMAX 

TMlN 

liliAXT 

AKT 

UNOT 

i~NODES 

MAXT 

MAXP 

DT 

TEND 

TPRlNT 

TCtfANGE 

IOPTl 
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thermal diffusivity of rock surrounding wellbore (m2/s) 

max1mum temperature of geothermal gradient (oC) 

f h 1 d · (oC) m1n1mum temperature 0 geot erma gra 1ent 

distance from well where it 1S assumed the natural geothermal 
gradient exists (meters) 

constant A in grid transformation equation used for calculating 
the grid used in the temperature change outside the bore; 
typical values are 1.3 to 1.8 

constant ANo in grid transformation equation for the temperature 
calculation outside the bore 

maximum number of nodes in bore 

number of points where fluid flows from a reservoir into 
the well; if a reservoir is not used but the downhole pressure 
is specified, NNODES should be set to 1 

maximum number of points used in temperature calculation around 
bore (if greater than 25, the radial grid matrix must be increased) 

maximum number of points used for reservoir calculation; if no 
reservoir model is used the number will not be used (if greater 
than 25, the radial pressure grid must be increased) 

time step used (A restriction on the time step does exist 
because of the explicit calculation of the energy convection 
terms. The time step is approximately limited by 6t < 6x/v 
but no formal derivation has been made. A time step restriction 
also exists because of the explicit coupling of the reservoir 
and the wellbore.) 

the time at which the calculation is to end 

the time interval at which you want a printout of the properties 

the time when the flowrate will be changed (Because the 
method of the initialization and the transient calculation differ 
slightly, it is best to run the program until t z 5 minutes 
without changing the initial flowrate to steady out any 
differences. ) 

option to specify boundary condition at bottom of well; 

if IOPTl = 1, a reservoir model is used; at present the reservoir 
model is liquid filled only 

if lOPTl = 2, the downhole pressure must be specified as a 
function of time 
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IOPT3 
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option to specify boundary condition at the top of the well: 

if IOPT2 = 1, the mass flowrate per unit area will be given as 
a function of time; 

if IOPT2 = 2, the pressure at wellhead IS to be given as a 
function of time; 

if IOPT2 = 3, the volume flowrate per unit area is to be given 
as a function of time; 

(As mentioned above, one must be careful that physically realistic 
boundary condit ions are given. Numerical solutions may exist 
that cannot be achieved in the field.) 

option to specify the heat transfer: 

if IOPT3 = 1, the heat transfer coefficient is set equal 
to 0.0; otherwise the heat tansfer coefficient is as specified 
above 

The wellhead and downhole pressure is read 1n as a function of time as needed. 

TMBND (1, I) is the time 

TMRND (2, I) is the wellhead condition 

TMRND (3, I) is the bottom hole pressure if used (otherwise set 
equal to 0.0). 

All parameters are read in at the beginning of the program except the 

boundary conditions which are read in as a function of time when needed. 

The input structure is given here by listing the,read statements with 

the format statement. 

READ 1000, RADIUS, LENGTH, ERES, FLOW, FLOWC 

READ 1000, CONDUC, ALPHAR, TMAX, TMIN, RMAXT, AKT, DNOT 

READ 1010, MAX, NNODES, MAXT, MAXP 

READ 1000, DT, TEND, TPRINT, TCHANGE 

READ 1010, IOPTl, IOPT2, IOPT3 

If (IOPTl.EO.2) to to 20 

READ 1000, KH(I),I 1, NNODES 

READ 1000, PBOT, MU, FEECH, RMAXP, AKP, DNOP 

20 CONTINUE 
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READ 1020, (TMRNn (1,1), TMRNn (2,1, TMRNn (3,1» 

(note: when the TIME is greater than TMBND (1,1) the next 
set of boundary conditions is read in.) 

1000 FORMAT (7ElO.4) 

1010 FORMAT (7110) 

1020 FORMAT (FlO.4, 2ElO.S) 

If a reservoir model option is chosen, the following additional 

quantities must be read in before reading 1n the boundary conditions. 

KH(I) 

PBOT 

WI 

FRECH 

RMAXP 

AKP 

DNOP 

the permeability thickness factor of the reservoir 
where I = 1, NNonES; by specifying different values of KH, a 
layered reservoir model can be used. 

pressure at bottom of well; if a reservoir model is used, 
one must have the pressure at some point in the reservoir 

viscosity of fluid in reservoir 

~ch where ~ is the porosity, c 1S the compressibility of 
the reservoir and h the height of the reserV01r 

a maximum distance from wellbore that the reserV01r 
calculation is done (The pressure is kept constant at this 
point. ) 

a constant factor in grid calculation, similar to AKT but 
for the reservoir grid here 

constant factor, ~No in grid calculation, similar to nNOT but 
for the reservoir grid 

The output of the program 1S fairly self explanatory except for MD, 

FEE~H, KTOTAL, and KMUCO. The first two terms are defined above while K~JCO 

is k/~c~ and KTO~AL = ~kh(i). Also the well to reservoir time value is a 

non-dimensional time indicating the importance of initial transients 1n the 

wellbore. When this quantity 1S on the order of 1 or less, the initial slope 

of log P vs. log t will not be unity (see Miller, 1979). 

The other variables used in the ma1n program are listed 1n case the user 

wants to substitute her/his own routine. 
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1 (:;\ DRODE - at time level t+l p 

DRODEO - 1 CP~ p ae P 
at time level t 

DRODP - (:i). at time level t+l 

DRODPO 
- (:~. at time level t 

E(l) - specific energy of the fluid at nodal point I at time 

level t+l 

EF(l) - specific energy of saturated liquid at nodal point I 

EG(l) - specific energy of saturated steam at nodal point I 

EO(l) - specific energy of the fluid at the time level t and 

at point I 

FLOWO - mass flowrate per unit area at the old time level 

FRlC(l) - friction factor at the nodal point I 

G - gravitational acceleration (9.8m/s2) 

PRES2(l,J) - pressure in the reservoir; I corresponds to the 

radial position, J to the depth 

PTOP - pressure in the well at the surface 

P2(l) - pressure in the wellbore at position I and at time 

level t + 1 

RHO(l) - density of the fluid at time level t and position I 

RH02(l) - density of the fluid at time level t + 1 and position 

RHOF(l) - density of saturated liquid at position I 

RHOG(l) - density of saturated steam at position I 

I 
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RP(r) - radial position in the reservoir for the pressure 

calculations 

RT(r) - radial position 1n the rock surrounding the bore 

needed for the heat loss calculation 

SLrp(r) - gas velocity minus the liQuid velocity 

T(r) - temperature in the wellbore at position r 

TRRS(r,J) - temperature in the rock surrounding the bore; 

r is the radial position, J is the height 

TIME - current time 

n(r) - mass averaged velocity at the old time level 

v(r) - mass averaged velocity at the new time level 

Sample Problems 

The four sample problems listed below are meant to illustrate (1) the 

types of problems that can be solved with the program WELRORE, (2) the 

reason why a transient model instead of a steady state model is necesary 1n 

some cases, and (3) the structure of the input deck. Three of the cases use 

a reservoir model with the wellbore code to examine the types of drawdown or 

buildup curves that could result during a well test. Because kh/~ in a 

geothermal field is usually much greater than that of a petroleum reservoir, 

well tests can be shorter although transient effects in the wellbore may become 

important. The fourth example shows how the model could be used to analyze 

well test data. 

Trouble Shooting 

Please note that this program is still in a developmental state 

and cannot be used as a "black \... ~ .. " UUA • Many times progr&~ will just dtunp 

if the boundary conditions are not realistic or if the time step used is too 

large. The program will not supply any error messages. Sometimes one can 

determine if any problem exists by comparing the calculated density with the 
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equilibrium density (both are given ~n the output). If the difference 

between these quantities begins to drift, becoming 10 to 20 kg/m3 , the 

solution is probably not realistic. Also a time step limitation does exist 

because of the explicit coupling of the wellbore and the reservoir. If the 

pressure in the reservoir has dropped below that in the well and yet the flow 

has been calculated to be positive, the time step should be reduced. 

Example 1 

The first problem is a liquid filled well open to a liquid reservoir. 

It illustrates both the ability of the calculation to resolve verv early 

time changes and take into acount longer time heat loss effects. One can 

use different time steps to consider these effects. S.I. units are used 

throughout the program except that the pressure change in the output has 

been written in psi. Two different cases were considered: one case with an 

initial temperature gradient in the well so energy changes in the bore will be 

important; and a second case with a uniform temperature in the well and no 

heat losses. 

The well has an inner radius of .09m and a depth of l800m. The 

fluid is initially not flowing. In case (a), the temperature gradient ~n 

the well ~s linear from 20 0 C to 200 0 C. In case (b), the temperature in the 

well is constant at 200oC. The well is opened and a constant mass flowrate 

of 20 kg/s is maintained. In both cases, the initial bottomhole pressure 

is 19.5 MPa. The liquid reservoir used with the wellbor0 has the following 

characteristics: k = 0.0272 n, h = 183 m, ~ = 0.24 x 10-3 Pa-s, and 

~ch = 5.5 x 10-8 m/Pa. The input deck is given in Figure 2. 

The first line gives the characteristics of th~ well. At 19.5 MFa 

and 200°C, the specific energy is 0.852 MJikg. The flowrate is initally 

0.0 kg/m2-s and is changed to 785.95 kg/m2-s (20 kg/s). The second 

line inputs the data necessary for calculating the temperature gradient 
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Figure 2. Input data for sample problem 1. 
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around the well. The thermal conductivity of the rock surrounding the bore 

is 1.8W/m-C, the thermal diffusivity is 1 x 10-6 m2/s, the maximum tem­

perature is 200
o

C, minimum temperature is 20 oC, and the temperature is 

assumed to remain at the initial temperature profile at 3m. The last two 

numbers have to do with calculating the grid spacing. The third line sets 

the desired number of grid calculations: 50 is the number of nodes in the 

we11bore, 5 is the number of connections between the reservoir and the 

we11bore, 25 is the number of radial grid points for the temperature calcu­

lation about the bore and 25 is the number of radial grid points for the 

reservoir pressure calculation if used. A number should be read in even if 

the reservoir model is not used. The fourth line inputs the times needed in 

the calculation. The time step used here is 0.5 sec, the maximum time of 

the calculation is 5 minutes, a full printout is given every 30 seconds, and 

the f10wrate is changed after 0.0 sec. The fifth line gives the boundary 

condition options and the heat transfer option. Here the first 1 is for 

specifying a reservoir model, the second 1 is for giving the mass f10wrate 

out of the well, and the 2 is given for including heat transfer effects. 

Because a reservoir model is used, the next data lines give the properties 

needed for the reservoir calculation. The first set of these lines inputs the 

value of kh for each nodal point where the reservoir and the we11bore are 

connected. The number of values of kh read in must just equal the number of 

connections between the well and the reservoir, five in this case. The next 

line inputs the downhole pressure in pascals (.195 E8), the viscosity in Pa-s 

(.25 E-3), the quantity ~ch in m/Pa (.55 E-7), and the information'necessary 

to generate the grid for the reservoir calculations. The rest of the input 

data is just the flowrate a~ a function of time. The input is time (seconds), 

f10wrate per unit area (kg/m2-s), and a third value not used when a reservoir 
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is specified. Any number will do but 0.0 was used here. When the downhole 

pressure is to be given instead of a reservoir, the third value will just be 

this downhole pressure. 

The program was run for both an isothermal well and a well which 

initally had a temperature gradient down the bore (referred to as initially 

cold well). Figure 3 is the the printout after 30 seconds for the cold well 

case. The change in downhole and wellhead pressure and the total reservoir 

flowrate is given every other time step. Then at 30 seconds, the properties 

in the bore are printed out along with the temperature changes around the bore 

and the pressure changes in the wellbore. The printout is self explanatory. 

Figure 4 plots the pressure calculations as a function of time for 

both cases. The downhole and wellhead pressure changes are given. For the 

isothermal case, once the initial disturbance of opening up the well dies out, 

the wellhead pressure follows the downhold pressure. It is important to 

notice that the initial wave disturbance lasts longer than the expected 

duration of wellbore storage, when wellbore storage is calculated assuming a 

uniform pressure change in the well as done in the petroleum industry. For 

the initially cold well, the wellhead pressure does not follow the downhole 

pressure because of heating of the fluid in the bore. However, one can also 

see that the downhole pressure for this case does not follow the calculation 

for the "isothermal" well because the flow out of the reservoir is not yet 

constant. Actual wellbore storage effects are not over until the temperature 

changes of the fluid in the well are negligible. Compressibility effects 

because of temperature changes far exceed those due to pressure changes. At 

later times the downhole pressure in the initially cold well approaches that 

of the isothermal case. 
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Figure 3a. Output for sample problem 1 showing pressure change as a function of time; both 
the wellheaci and downhole pressure are given. 
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Figure 3b. Output for sample problem 1 showing the properties in the wellbore. 
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Figure 3c. Ouput for sample problem 1 showing the temperature and pressure profile 
around the wellbore. 
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Figure 4. Comparison of wellhead and downhole pressures for pressure 
drawdown <lurve; Two cases considered are an isothermal well (called warm 
well) and a well with an initial geothermal gradient (called cold well). 
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Example 2 

The second case illustrates a calculation for a flashed fluid in the 

well. Calculations were done for two drawdowns and two buildups of the same 

change in flowrate. Figure 5 lists the input deck for the drawdown from 20 

to 40 kg/so The well is 2000m deep with a radius of 0.09m. The pressure 

downhole is set at 19 MPa and the reservoir temperature is 3000 C. The 

properties of the rock surrounding the bore are the same as in the first case. 

The grid spacing is also the same. For this case 76 node points were used in 

the bore with 10 connections between the well and reservoir. The time step 

used was 2 seconds (changes propagate slower in the flashed fluid), and the 

calculation was run out to 30 minutes. The properties of the reservoir 

were kh(i) = 1.5 x lO-12m3 (or a kh of 1.5 x 10-11m3), ~ch = .5 x 10-6 m/Pa, 

and ~ = 0.13 x 10-3 Pa-s. One important difference between the first case and 

the second one is that even though the flow was initialized at 20 kg/s, a 

transient calculation was done until t = 5 minutes without changing the 

flowrate. In the flashed well, the slight difference between the initial­

ization method and the transient calculation becomes important. It is best 

to calculate the steady state solution by running the transient calculation 

out until the change in downhole pressure is small. When the flowrate 1S 

changed, the downhole pressure and wellhead pressure change is related to the 

pressure at this time (5 minutes in this case) and not to what was initally 

input to the program. However the time printed out is still referenced to the 

start of the calculation so actual time of the drawdown or buildup is t - 300 

seconds in this case. 

Figure 6 shows the output just after the flowrate was changed. The 

point of change 1S noted in the printout by where the change in downhole 

pressure is set to 0.0. The steam and liquid velocity and the quality in 

place are printed out along with the pressure, energy, density, velocity, and 
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Figure 6a. Output for sample problem 2 showing the pressure change in the 
well after the flowrate has been changed from 20 to 40 kg/s; both the wellhead 
and downhole pressures are given. 
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2eco.oo .649231E+07 1329085.04 296.86 • 51936E+0 1 1<;13.3] .658031E +07 1329254.85 306.19 .50380E+Ol 1893.33 .685481E+07 133't1l8.92 329.02 .46591E+Ol 1813 •. 3) .714560E+01 1340226.12 354.03 .42901E+Ol - ··_--·_--·--·-'·14·55 02E +07 --_. -- ...... ". 

1345885~86 382.24 .39304E+Ol 
11)3 .. 33 
H!J •. 33 .118592E+07 1351146.56 414.36 • 35182E+0 1 1573 •. 33 .!l14110E+01 1357922.38 451.09 • 32313E+0 1 14<;3.3J .85265fJE+07 1364316.10 494.18 .289l9E+Ol 
l~13 .. n .894740E+07 1310108.79 550.34 • 25631E+0 1 13.13 .. 33 .941146E+07 1315550.51 625.90 .22411E+Ql 12~3 .. 33 .995025E+07 1380983.90 716.54 • 1981t5E+0 1 -. ".-.. -1173....33 _________ ........ 1.05~86E.i:D 8 -.------__ .L3811lB.14 

717 .20 .• 1982-iE~Ql 1093.33 .110815E+()8 1381233.22 71 7.93 .19803E+01 1013.,33 .116510E +08 1381249.12 718.66 .1918ZE+Ol 9J3 .. 33 .122210(+08 1381265.82 719.39 • 19760e+Ol 853 .. 33 .127916E +08 1381283.31 120.12 • 19139E+Ol 113.,33 .133688E +08 1381301.51 120.85 • 19718E+Ol .6';;3 •. 33 ... _"_. - .139't05E~OB __ . ____ ._1381320.30. 121.59 .19691E~Ol 613.31 .14'H29E+08 1381339.10 722.32 • 19676E+01 !;J3 •. 3J .150851E+08 1361359.91 123.05 • 19655E+Ol 45J •. 33 .156592E +08 1381381.32 723.76 .19634E+Ol O. .189081E+08 1381454.14 127.96 .22311E+00 

Figure 6b. Output for sample problem 2 shOWing the properties in the well 
after the surface flowrate has been increased to 40 kg/so 

2S7.04 
306.98 
329.14 
3~4.12 
382.32 
414.43 
451.16 
494.25 

550.41 
625.91 
116.54 
711.20 
717.93 
116.66 
119.39 
120.12 
720.85 
121.59 
722.32 
123.05 
123.18 
127.96 

w 
0 



.•••...•..••.•...•••••.•...•.....•.••••..•••.•.•••.•....•..••.••...•..•..•..•...................... 
r"U:iITION 

(M, _ 
GAS V[LOC lTV 

'111 SEC) 
LIQUID VElOCI TV 

1M/SEC) 
SLIP QU4lITV 

I VG-VF) .....................................•...........•...........................•......................... 

zeco.oo 
lC;13.JJ 
le~3. 3J 
l8U.)} 
11J3.33 
IlS3.3J 
1573.33 
14';3.31 
l~ 13.33 
1333.33 
1253.3,] 
1173.33 
le'll).33 
10 13. 33 
~33. 3J 
a5).33 
113.33 . 
693.33 
613.33 
~JJ. 33 
453.33 

o. 

Figure 6c. 
well. 

---.~ -_. 

6.34 5.L1 1.28 .6~ 
6.16 4.96 I.Z4 .62 
5.10 4.59 1.14 .59 
~.25 4.23 1.05 .56 
4.81 3.88 .96 .52._ 
4.39 3.54 .81 .47 
3.97 3.Z0 .19 .41 
3.56 2.81 .11 .35 
3.15 2.55 .63 .26 
2.4L 2.25 .54 .14 
o. 1.98 O. 0 •. 
O. 1.98 o. o. 
o. 1.98 O. O. 
O. 1.98 O. O. 
o. 1.98 O. o. 
o. 1.91 O. O. 
O. 1.91 O. O. 
O. 1.91 O. o. 
'l. 1.97 o. o. 
O. 1.91 O. O. 
o. 1.96 O. O. 
O. .22 o. O. 

Output for sample problem 2 showing the velocity profile in the 

W 
i-' 



AT THIS Tl~[. THE RESERVOIR PRESSURE (P4SC4lSI 4S A fUNCTION Of HEI~HT AND RADIAL POSITION IS 

tEIGHTIM)/RAOIUS'~J .18000E+~a .33191E+Ol .85003E+01 .16695E+OZ .29810E+02 .50198E+02 .84381E+02 .13814E+03 

-----,-.----_._-----------------------------,-------------------------------------~---------------------------

- "- .'''.~'-

240.00 • 11259E+08 .11412E+08 • 11459E+08 .11485E+08 .11507E+08 .11521E+ C8 .17546E+08 .17565E+08 
213.31 .17451E+08 .11604E+08 .17651£+08 .11617E+06 .11699£+08 .17119E+C8 .11139E+08 .11151E+08 w 
186.67 .11642[+08 .111%E+08 .17842E+08 • 11869E+08 • 11891E+08 .11911E+08 .11931E+08 .11949E+08 I'V 

HiO. 00 .17833[+)8 .11981E+08 .18034E+08 .1806lE+08 .18083E+08 .18103E+C8 .18123E+08 .18141E+08 
133.33 .la024E+08 .18119E+08 .18226E+08 .18253E+08 .18215E+08 .18295E+08 .18314E+08 .18333E+08 

. . lC6.61 _. 
> ••• - •• _ •••.• 0 16215E+06 .....• 18313E+.06 ..• 18417E+08 .18444E+08 • 16466Et08_ ... __ .18481E+08 . .1850tEt06. ..J.6524E+08 

00.00 • 18406E +08 .1856lE+08 .18609E+08 .18636E+08 .18658E+08 .18618E+08 .18691E+08 .18116E+08 
53.3J • 18596E+08 .181t52E+08 .18800E+08 • 18821E+08 .18849E+08 .18869E+08 .16889E+08 .189C1E+08 
26.61 • 18181E+06 .18943E+08 .18991E+08 .19016E+08 • 19040E+08 .19061E+C8 .19080E+08 .190«;8E+08 
-.00 • 18911E+08 .19134E+08 .19182E+08 .19209E+08 • 19232E+08 .19252E+08 .19211E+06 .19289H08 

Figure 6d. Output for sample problem 2 showing the pressure profile around the wellbore. 
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position. Figures 7a and 7b plot the downhole and wellhead pressures as a 

function of time for both the drawdown and buildup cases, For all 4 cases, 

the downhole pressure as a function of time coincide. However, the wellhead 

pressure is seen to never reflect the downhole pressure change even at later 

times. Plotted in Figure 7c is the wellhead pressure assuming steady state 

for the drawdown case. The wellhead conditions are not calculated accurately 

with the steady state model. It is actually difficult to even calculate a 

steady state model when wellbore storage is important because of the changing 

flowrate in the wellbore and the necessity of using a single flowrate throughout 

the bore for the calculation. It is seen that the steady state model is not 

satisfactory at least when wellbore storage ~s important. 

J!:xample 3 

The third case is just an extension of the second example except 

that in this case, the well ~s completely shut in after being initialized at 

some flowrate. The program calculates the separation of steam and liquid in 

the wellbore. The input deck for this case is given ~n Figure 8. The ma~n 

difference in the input of this case and the second example ~s that the well 

is now 2400m deep and the total kh of the reservoir is 0.15 x 10-11m3 . The 

flow is initialized at 10.2 kg/s but a transient calculation is done for 5 

mimutes to insure the changes are small. Figure 9 is the printout after the 

well has been shut in for 15 minutes illustrating the phase separation 

effects. Such a calculation woul~ not be possible with a steady state 

model. 

Figure 10 is a plot of the downhole pressure as a function of time for 

a change 1n flow from 10.2 kg/s to 0.0 kg/so For reference, a case where 

tne mass flowrate ~s changed from 20.4 kg/s to 10.2 kg/s 1S included. 

In the buildup plot, one sees there ~s a "bump" in the curve when the well 

18 shut in. During a shut-in test, the downhole pressure may buildup faster 
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Figure 7a. Semi~log plot of pressure transient curve 
for two different drawdown cases. 
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Figure 7b. Semi-log plot of pressure vs. time for two different 
buildup cases. 
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Figure 7co, Comparison of wellhead pressure calculated with 
a transient and a steady state numerical code; flow rate was 
changeQ from 20 to 40 kg/so 
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Co I s.11 2 3 4 5 6 7 8 9 18 II 12 i3 14 15 16 11 18 19 20 21 22 23 24 25 28 27 28 29 30 31 32 33 34 35 38 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 58 57 58 58 60 81 82 63 54 85 68 67 68 69 70 71 72 73 74 75 78 77 78 79 80 

I I I I I I~ ·P~I , I , M9P"P, 1;3,8,; Lf,O,q. p, , , I 1 IL(P,O,.,~ 1 , , , , I PI "PI I , I I , I LLI I , , I , 1 I I I I I 

8El .. .o.lE-5 O.310E3 O.2bEl O.3El C>.l<6El O.lEO 

Figure 8. Input data £or sample problem 3. 
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F,R04 TlHL= 960.00(SECONilS)' TO THIEs 1080.00ISECONDSI 
THE CHANG[ IN &)(WtllltOlE PRE~SURE AND WEllHEAD PRE SSURE EVERY 1t.00I SECONDS I IS, 

TUH:: 
...................................................................................................•.................... 

DOWNHOLE PRESSURE DOWNHOLE PRESSURE 
CHANGE 

, SCCGNUS) (PASCALSI (PSII 

WELLHEAD PRESSURE 

I PA SCAl St 

WELlHUO PRESSURE 
CHANGE 

(PSI' 

RESERVOIR 
VElOCI TV 

"~/SEC' 
•••• e ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

9otl.00 
9.00.00 
970.00 
914.00 
918.00 
902.00 
98£..00 
990.00 
994.00 
9108.00 

1002.00 
1006.00-
1010.00 
1014.00 
1018.00 
lOll.OO 
10.2(,.00 
1030.00 
1034.00 
le3S.CO 
1042.00 
1046.00 
10!i0.OC 

-- -- ----- -1J54.0 a 
1058.00 
1062.00 
lC66.00 
lillO.OO 
101 .... 00 
1018.00 

.198517E+08 
• 198594E+08 
.1 98610E+ 08 
• 198626E+08 
.198641 E+08 
.19 8656E+ 08 
• 1986 7l E+ 08 
• 198686E+08 
.198101E+08 
.198114E+08 
.198121E+08 
.198141E+08 
.198153E+08 
• 198165E+08 
.198118E+08 
.19819-0E+08 
.198802E+08 
.198815E+08 
.198826E+08 
• 198837E+08 
• 198841E+08 
• 19t>357E+08 
• 198868E+08 

, ~198819E+08 
.198889E+08 
.198899E+08 
.198909E+08 
.198918E+08 
.198921E+08 
.1~8936E"08 

110.8259 
111.0726 
111.3121 
Ill. 5~37 
111.7680 
Ill. 9881t 
H2.2051 
112. ~251t 
112. 64~2 
112.81t26 
113.0:U8 
113.2282 
113.1t165 
113. 591t5 
113.1122 
113.9558 
114.1389 
114.3119 
11~. 4912 
111t.61t51 
tH.7918 
114. 946~ 
ll5.101t8 
115.2616 
115. ItHIt 
115.5626 
115.1031 
115.8350 
115. 9641t 
116.0962 

.514752E+07 12.1t161 

.574171E+07 12.4446 

.574791E+07 12.1t71t3 

.514812E+07 12.501t8 

.514831E+07 12.5332 

.51481t9E+07 ------,--- - - 12.558Cj 

.511t86~E"07 12.5807 

.514816E+07 12.598Cj 

.574890E .. 07 12.6200 

.514903E+01 12.6383 

.574911E+01 12.6504 

.574891E .. 01---------- -- -- 12.6300 

.574897E+07 12.6297 

.57~91ItE+07 12.651t8 

.57"912E+07 12.6521t 

.574911E+07 12.6503 
• 514909E"01 12.6468 
.574883E+07---------- ---12.6094 

.514817E"07 12.600~ 

.574885E"07 12.6119 

.574813E+07 12.5950 

.574865E+07 12.5821 

.574852E+07 12.5638 

.574839E+07 --12.51t42-

.574826E+01 12.5250 

.574185E .. 07 12.4651 

.574163E+07 12.4323 

.514170E+07 12.1t429 

.514753E+07 12.4183 
• 511t126E .. Ol 12.3782 

Figure 9a. Output for sample problem 3 showing the wellhead and downhole 
pressure as a function of time. 

.1983E-01 
• 1854E-Ol 
.1159E-C1 
.7679E-Ol 
• 7600E-Ol 
• 1516E-0 1 
• 1433E-Ol 
.7319£-01 
.1231E-Ol 
• 1224E-0 I. 
.7172E-Ol 

-------~ 1095E_0 1 

.1052E-Ol 

.7021E-Ol 

.6968E-Ol 

.6886E-01 

.682ItE-OI 

.6768E_Ol' 

.6736E-01 

.6763£-01 

.6751E-Ol 

.6690E-Ol 

.6636E-Ol 

.6597E-01 

.6567E-Ol 

.654ItE-01. 

.6541E_Ol 

.651t8E-01 
• 6536E-Ol 
.6507E_Ol 

LV 
00 



fOR JltMt elF 18.CCCOMINUTES. THE fLOWING ENTHALPY OUT Of THE WELL IS O. (J/KG. 
___ . ____ oIINt __ TH~_I)"!lpr._Rr ~ES .IN THE WELLBORE ARE. _________ _ 

.•••...•......•...•..•.•.•.•.....••.•..•..•...•.•..•...•.•.•.......•...•..•••.• ~ ••.....•..•.•••..•...•.•••.....••..••.•. 
POSH IO:~ 

un 
PRESSURE 

CKG/M-SEC2. 
ENERGY 
IJ/KG. 

DENSITY 
( KG/M3. 

VELOCITY 
(M/SEC' 

EQUILIBRIUM DENSITY 
• KG/M]' 

__ • ....!..!_!.!' •• !.~_.!! •. "!....'!.41!:. Oil! ~_~ ••• • ~_ eo!. e .. '" eo!, .0_ • ..!.~ •• ~ ••••••• . !-!~_.!_!! •• '!_ •••••••••• ~ .••••••• _._~ !!_!_~_ 4!.~ ..!.!.-. e ••• !.O •••••••• O! •••••• !..~ .!_!..! .• _4!'_~ •.• 

22CO.CO .575841E+01 
2110.61 .516653E+01 
2(82.61 .611440E+07 
1994.61 .652457E+01 
19C6.61-.695626E+07 
1818.61 .741038E+07 
1130.61 .787902E+01 
1{42.67 .836195E+07 
1554.61 .890072E+01 
1466.67 .950672E+01 
1318.61 .101255E+08 
1290.61 .101447E+08 
1202.6i----- --- -----.U3639E +08 

1114.67 .119837E+08 
1026.61 .126042E+08 
SJ8.61 .132253E+08 
E50.61 .138412E+08 
162.61 .144691E+08 
614-.6 j ------------- -~ 150930E +08 
586.61 .157169E+08 
4S8.61 .163415E+08 

O. .198940E+08 

2641415.19 
2733141.66 
1247815.93 
1213505.36 

-1218608.41---
1299043.41 
1324925.96 
1339516.24 
1348019.02 
1365819.61 
1319839.75 
1381246.95 
1381248.18 
1381265. n 
1381284.18 
1381103.60 
1381323.95 
1381345.21 

- --------1381361.22 
1381389.50 
1381411.29 
1381240.13 

21.94 
28.55 

475.53 
466.50 
557.82 
567.40 
543.23 
581.80 
613.93 
119 • .30 
117.32 
118.36 
118.28 
119.08 
719.81 
120.61 
721.46 
122.26 
123.06 
723.86 
724.66 
129.29 

.56543E-02 
.12604E-02 

-.41975E-ol 
-.81924E-Ol 

--- .16 230E.;.o 1 ----
• 16425E-Ol 
• 16054E-Ol 
• 19420E-Ol 
.34814E-Ol 
• 39625E-Ol 
.39610E-o 1 
• 39601E-01 
.396-161;-01 
.39601E-o 1 
• 39598E-Ol 
• 39589E-Ol 
• 39580E-Ol 
• 39512E-Ol 
• 3956lE-01 
• 3955~E-Ol 
• 39545E-Ol 
.35016E-02 

Figure 9b. Output for sample problem 3 showning the properties in the 
well 18 minutes after the well has been shut in. 

20.91 
19.06 

481.2'9 
465.94 
558.10---
561.64 
543.64 
582.13 
674.oU 
120.01 
117.14 
711.48 
118.28- ------

119.08 
719.81 
120.61 
121.~6 
122.26 
123.06-
123.86 
124.66 
129.29 

W 
\.0 



.G •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
POSITION 

041 
G4S VELOCITY 

(M/SECt 
LIQUID VelOCITY 

(M/SECI 
SLIP 

(VG-VFI 
QUALITY 

.e •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

22CO.OO .01 
2110.61 .38 
2082.61 .22 
1~94.61 .22 
19C6.67 .12 

- U18~6t" -'---"- - .. - "----;13'--
1.30.61 .1~ 
1642.61 .11 
1!54.67 .22 
1~66.61 .O~ 
1178.67 O. 
12'ilO'~'6 r---- --_ .. --.-. o. 
U!C2.61 
1 U4.61 
lC126.61 
~38.61 

fJ50.61 
''''2.'67 
~:14.67 
586.61 
~.C;8.61 

o. 

o. 
o. 
o. 
o. 
o. o. '-- .. ---
0 .. 
o. 
o. 
o. 

O. 
O. 
-.06 
-.09 

.01 

O. 
o. 

.27 

.31 

.13 
- .01 -- .. --- .--- .. - • 13 

.12 

.14 

.18 

.20 

.01 

.02 

.03 
.04 
• 04 
.04 
• Olt 
• 04 
• 04 
• Olt 
• 04 
• 04 
• Olt 
• Olt 
• Olt 
• 00 

o • _. ---- .. '0':'-'-"-'-'" 
O. 
o • 
O • 
o • 
o. 
o • 
o • 
o. 
o. 
o. 

1. 00 
1.00 
.39 
.40 
.21 -;;"15--- .--. 
.28 
.22 
.08 
.00 

o. 
O~--- -
O • 
o. 
o. 
O. 
o • 

"0.'--·' 
o. 
o • 
o • 
o • 

Figure 9c. Output for sample problem 3 showing the velocity profile in the well. 
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n THIS IliI4l. THE RESERVO[R PRESSURE (PASCALS. AS A FUNCTION Of HEIGHT AND RAOUL POSITION IS 
,._-- -,--_._----- _ .. -- --'" . __ .... __ .... _--_._-,---_ .. _----- ------,-_ .. _ .. -'-

HEIGHT'"'/RAOIUSI~J .18000E +00 .33191E+01 .85003E+01 .16695E+02 .29810E+02 .50198E+Q2 .81t381E+02 .U81ItE+03 

.-~---~--------------~---------------------------------------------------------------~-----------~-----------~-------
2«.4.00 .18025E+08 .18063E+08 .18108E+08 .1819lE+08 • 18295E+08 .18311E+08 .18386E+08 .18386E+08 
2.34.61 .. 18214E+08 .18272E+08 .18317E+08 .18400E+08 .1850U+08 .18586E+08 .18595E+08 .18595E+08 
205.33 • 18443E+08 .18481E+08 .18521E+08 .18609E+08 .18113E+08 .18195E+ C8 .1880~E+08 .1880~E+08 
116.00 .18652E+08 .18690E+08 .18136E+08 .18818E+08 .18922E+08 .19004E+08 .19013E+08 .19013E+08 
146.61 D 18861E+08 .18899E+08 .18945E+08 .19021E+08 .19131E+08 .19213E+08 .19222E+08 • 19222E+08 
117.3J .19Q10E+08 .19108E+08 .19154E+08 .19236E+08 .19340E+08 .1 9422E+ 08 .19431E+08 .19431E+08 .j::--
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Figure 9d. Output for sample problem 3 showing the pressure profile around the wellbore. 
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Figure 10. Plot of pressure vs. time for a complete shut in case. Included XBLBOII-6419 

is a plot of a buildup case where the well is not shut in. 
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than a uniform wellbore theory predicts because of phase redistribution in 

the well. The fluid in the well can actually flow back into the reservoir. 

Such problems have usually rendered this type of data useless although attempts 

have been made to determine alternate data reduction methods (Fair, 1979). Now 

it should be recalled that the slip correlation used in this calculation, when 

the fluid flow is not entirely in the vertical direction, is purely speculative 

because of the lack of experimental data. However the computation is useful in 

identifying what effects in the wellbore can explain changes in pressure vs. time 

plots, and that such effects are not necessarily due to the reservoir itself. 

Example 4 

The fourth case shows how the wellbore model could be used to analyze 

well test data. If one measures the flowrate and downhole pressure as a 

function of time, the actual flow into or out of the reservoir can be 

calculated. One could then use a variable flow analysis method to determine 

the reservoir properties even when wellbore storage is still important. It 

may also be possible to use wellhead pressure and wellhead flowrate and then 

use the program to calculate downhole pressure and flowrate although this 

option has not yet been included in the code. 

The input deck for this calculation is given in Figure 11. In this 

case, the first option choice on line 5 will now be given as 2 because the 

downhole pressure will be read in as a function of time. The well is 1500 m 

deep and the flowrate is change~ from 20 to 40 kg/so No properties of the 

reservoir need be specified because the calculation is just to eliminate the 

well flow as an unknown so the set of data after the option specification is 

eliminated. The number of connections with the reservoir is set equal to 1. 

However, one must input the flowrate and pressure as a function of time. 

The better the detail, the more accurate the calculation will be. Part of the 

downhole pressure as a function of time is listed. 



WELBORE INPUT 
~ I 

Co 15.11 2 3 4 5 6 1 I II 10 11 12 13 14 15 16 11 I. 18 2U 21 22 23 24 25 21 21 21 H 3U 31 32 33 34 35 38 31 38 39 40 41 42 43 44 45 48 41 48 49 50 51 52 53 54 55 58 51 58 58 80 81 82 83 84 85 66 81 68 69 10 11 12 13 14 15 16 11 18 19 80 

Figure 11. Part of the input data for sample problem 4. 
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Given the input data, the program then calculates the sandface flow 

rate as a function of time. Figure 12 is a plot of the calculated sandface 

rate for a step change in flowrate fom 20 to 40 kg/s at wellhead. This 

option is especially of interest when wellbore storage is significant over 

most of the test. Many geothermal well tests are limited in time because the 

available instrumentation can not be used for long times at high temperatures. 

It may not be possible to run a test until wellbore storage is over. However, 

given the downhole pressure and actual sandface flowrate, one could use 

the program ANALYZE (Benson and McEdwards, 1980) to obtain the properties 

of the reservoir. 
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Nomenclature 

c compressibility of reservoir 

e mass average specific energy 

e g specific energy of saturated steam 

ef specific energy of saturated liuid 

f friction factor 

g gravity 

hg specific enthalpy of saturated steam 

hf specific enthalpy of saturated liquid 

h reservoir thicknes 

H heat transfer coefficient 

k permeability 

Kt thermal conductivity 

P pressure 

Pw sandface pressure in well 

Pi initial pressure in reservoir 

q volume flowrate 

rw radius of wellbore 

t time 

T temperature of fluid in wellbore 

Tr reservoir temperature 

v mass averaged velocity of fluid 

Vg velocity of steam 

vf velocity of liuid water 

x spatial distance 

~ volumetric quality in place 

<t' porosity 

p density 

Pg density of saturated steam 

Pf density of saturated liquid water 

Pd homogeneous density 

j..I viscosity 
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